Abstract. We investigate numerically a defected-core hybrid photonic crystal fibre (H-PCF) with a circular core and a rectangular-shaped cladding, which is designed for compensation of residual dispersion over a wide wavelength range. Our simulation results testify that this H-PCF exhibits a large negative dispersion (-868 ps/(nm km)) over the E+S+C+L telecommunication bands, with the relative dispersion slope perfectly matching that of a single-mode fibre at the operating wavelength 1550 nm. The H-PCF reveals the birefringence 1.06×10 -2 at the operating wavelength. In order to evaluate the sensitivity of optical properties of our H-PCF, we study the effect of variations of its parameters as large as ±2% from their optimal values. Due to its specific characteristics, the H-PCF suggested in this work can be considered as an excellent candidate for compensating dispersion, maintaining a single polarization in the optical fibre transmission systems, and numerous optical sensing applications.
Introduction
Photonic crystal fibres (PCFs) have a microscopic layout of air channels throughout their length, which makes a low-index cladding around a pure-silica core [1] . By varying the number and positions of the air-holes, PCFs offer great flexibility in efficiently tuning dispersion [2, 3] , birefringence [4] and nonlinearity [5, 6] , which would have been unfeasible with conventional step-index fibres. It is well known that controlling chromatic dispersion and confinement losses are the major issues in the optical fibre communication systems. The dispersion causes optical pulses to spread and has to be compensated in any long-distance optical data transmission systems. One way to implement this is to use dispersion-compensating fibres (DCFs) which manifest a large negative dispersion [7] . The commercial DCFs usually have the dispersion values D ranging from -100 to -300 ps/(nm km) [8] . To reduce their cost, one has to make the DCFs as short as possible, which can be achieved by having the negative dispersion magnitude as large as possible. Moreover, a high optical birefringence represents a parameter important for the efficient utilization of a fibre in sensing-related applications.
Several designs for single-material PCFs have been proposed in the literature, which aim at achieving a high negative dispersion coefficient and polarization-maintaining properties. So, an octagonal PCF has been suggested in Ref. [9] . It exhibits attractive negative-dispersion and birefringence properties, though inclusion of elliptical air-holes in the first ring implies a complex design. The octagonal PCF suggested in Ref. [10] ensures moderate negative dispersion (-239.5 ps/(nm km)) and birefringence (1.67×10 -2 ). Another octagonal structure (see Ref. [14] ) also reveals the negative dispersion of about -588 ps/(nm km) and the birefringence 1.81×10 -2 . A dual-core PCF with a highly doped internal core has been developed by Huttunen et al. [11] , with the negative dispersion peak (-59000 ps/(nm km)) and the effective modal area 10 μm 2 . However, its structure imposes high confinement losses, while a doped core brings about notable fabrication demands. A golden spiral design has been proposed in Ref. [15] , with the birefringence 1.60×10 -2 and the dispersion -400 ps/(nm km). Furthermore, in our previous study [16] we have also suggested a PCF showing the birefringence 2.13×10 -2 and the dispersion -294.1 ps/(nm km), thus covering the E+S+C+L+U bands.
In the present work we achieve the negative dispersion coefficient even higher than the characteristics reported in our previous work. Here we mainly focus on the higher negative coefficient rather than the higher birefringence. This is why we have changed the fibre design such that to achieve a higher negative chromatic dispersion. While in the work [16] we have managed to get the dispersion value -294.1 ps/(nm km), thus covering the E+S+C+L+U bands, the new fibre designed here manifests more than twice larger negative dispersion coefficient, which allows us to cover the E+S+C+L bands. As a result, we get a stronger dispersion-compensation effect over the E to L bands at a lower cost.
To be more specific, we suggest an artificial defected hybrid PCF (H-PCF) with a circular shape of a core and circular air-holes in fibre cladding, which simplifies the fabrication process. The basic advantages of this structure are its simplicity, along with higher negative dispersion much needed in high-bit-rate transmission networks. Besides of a possible use of our H-PCF as a DCF, our fibre shows a birefringence that makes it suitable for many sensing applications. Also, this fibre manifests a high nonlinearity (44.14 W -1 m -1 ) at the operating wavelength 1550 nm, which makes it potentially important for a number of nonlinear applications, e.g. optical supercontinuum ones. According to our simulations, the DCF under test exhibits the negative dispersion -868 ps/(nm km) over the E+S+C+L telecommunication bands and the birefringence as high as 1.06×10 -2 . Fig. 1 shows a cross-sectional view of our H-PCF. The material used for both fibre core and cladding is silica surrounded by air-holes in the fibre cladding. We use five air-hole rings for a better field confinement and reducing the confinement losses (see Ref. [10] ). The core consists of circularly shaped rings and so does the second ring. The other three outer rings have rectangular shapes. To gain a birefringence, the first ring is intentionally made asymmetric. As seen from Four extra air-holes, with the diameter d 2 , are placed in between the second and third rings in order to obtain better confinement properties. This results in a higher air-filling ratio and a lower refractive index around the core, thereby providing stronger light confinement ability. Notice that the refractive indices of the fibre silica and the air-holes are respectively n s = 1.45 and n a = 1 at 1.55 μm. 
Design methodology

Simulation technique and equations
In our simulations, an efficient finite-element method for perfectly matched circular layers has been used for characterizing the performance of our PCF. We have used a COMSOL MULTIPHYSICS software, version 4.2, as a simulator. Once the effective modal refractive index η eff is obtained by solving the eigenvalue problem with the finite-element method, the chromatic dispersion D(λ), the confinement loss Lc and the effective area A eff may be calculated from the Maxwell's curl equations [12] as given below:
Here E is the electric field vector, 0 found, the dispersion D , the nonlinear coefficient  , the birefringence B and the confinement loss Lc are readily obtained using the following equations [13] :
x y B n n   .
Here It is well understood that the long-distance optical fibre transmission systems reveal a positive dispersion and so a positive dispersion slope with the SMFs. Then the primary requirement for the DCFs designed for WDM operation is a negative and as large as possible dispersion effect. This should reduce the DCF length and, therefore, its cost. To compensate the dispersion in the SMF over some particular wavelength range, one has to satisfy the relationship (see Ref. [12] 
where S SMF (λ) and S DCF (λ) are the dispersion slopes for the SMF and DCF, respectively. The RDS for the SMF is 0.0036 nm -1 . The optimal DCF should have the RDS exactly equal to that of the corresponding SMF, or at least very close to it.
Simulation results and discussion
To compensate the dispersion, high negative dispersion is needed. In its turn, the first ring must be asymmetric to provide a higher negative dispersion. Consequently, the core should be defected for obtaining higher asymmetry. Fig. 2 shows the wavelength dependences of the negative dispersion for y-polarized mode as calculated for different pitch parameters. At the wavelength of 1550 nm, our structure reveals the negative dispersion coefficient as large as -868 ps/(nm km) for the ypolarization over the E+S+C+L bands. Fig . 3 depicts the influence of variations in the pitch Λ for the fibre cladding on the dispersion behaviour (here all the other parameters are kept invariable). At the operating wavelength 1550 nm, the peak value of the negative dispersion increases with decreasing pitch. In Fig. 4 we summarize the effect of changing diameter d 1 of the first ring on the chromatic dispersion. Here all the other parameters are also kept to be constant.
In Fig. 5 we demonstrate how the changing diameter d 2 affects the chromatic dispersion. Here all of the data is gathered, which corresponds to the influence of diameters d 1 and d 2 varying in the range from ±1 to ±2%. The simulation results testify that the peak value of the negative chromatic dispersion increases with increasing d 1 and decreasing d 2 . 6 displays the spatial distributions of the optical fields for the x-and y-polarized modes, which are simulated for the same operating wavelength. According to our data, the fundamental optical field distributions for the both x-and y-polarized modes are strongly linked in the highcentral core. From Fig. 7 it is easily seen that the first-order y-polarized mode has the higher effective index than that of the relevant x-polarized mode. Fig. 8 displays the birefringence dispersion for our DCF. Notice that the birefringence value under optimal conditions is equal to 1.06×10 -2 at the operating wavelength.
(a) (b) The effect of changing diameter d 1 of the first ring on the birefringence dispersion is shown in Fig. 9 , again under the conditions that the remaining parameters are kept optimal. The simulation reveals that the d 1 variations change significantly the slope of the curves in the region 1370-1460 nm. At the operating wavelength, the increase in d 1 decreases the birefringence value. On the other hand, the increase in the diameter d 2 increases the birefringence (see Fig. 10 ). The effect of pitch variations is simulated in Fig. 11 . As seen from Fig. 11 , increasing pitch Λ increases the birefringence and the slope changes rapidly in the region 1370-1430 nm. Fig. 12 shows the dispersion of the effective area of fibre, with the optimal parameter being 2.114 μm 2 .
This is smaller if compared to that of conventional fibres. The PCFs with a high negative dispersion have relatively small effective areas and so they would be useful for some nonlinear applications (e.g., super-continuum generation and soliton pulse transmission). In order to build a broadband DCF, it is necessary that the RDS of the dispersion curve be close to that of the SMF at the operating wavelength. Therefore we tune the diameters d 2 and d 3 such that to match the relevant slope (see Table 1 ). For the aim of optimal design, the RDS of our PCF should exactly equal to 0.0036 nm -1 . Fig. 13 displays the wavelength dependence of the residual dispersion for our PCF calculated for the case of optimal design parameters. Evidently, our DCF can function in the wide telecommunication band E+S+C+L. This enables reliable operation in high-bit-rate telecommunication networks. Finally, we compare the properties of our PCF with those of some other fibres designed earlier for compensating dispersion and birefringence. In particular, Table 2 
Conclusion
In the present study, an artificial defected H-PCF structure with a circular core is suggested. We argue that this PCF enables one to achieve a large negative dispersion coefficient (-868 ps/(nm km)) over the communication bands E+S+C+L and a high enough birefringence (1.06×10 -2 ). We conclude that the characteristics of our PCF allow for its efficient utilization in high-bit-rate transmission networks and fibre sensing. The design of our H-PCF could prove to be easier and more efficient, when compared with the prototypes, because of relatively small number of geometrical parameters involved and a simple cladding structure. This also simplifies the necessary optimization procedures.
